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ABSTRACT: A differential scanning calorimetry (DSC) and small-
angle X-ray scattering (SAXS) study of miscibility in blends of
the semicrystalline polyester poly(3-hydroxybutyrate) (PHB) and
amorphous monomer epoxy DGEBA (diglycidyl ether of bisphe-
nol A) was performed. Evidence of the miscibility of PHB/DGEBA
in the molten state was found from a DSC study of the depend-
ence of glass transition temperature (Tg) as a function of the
blend composition and isothermal crystallization, analyzing the
melting point (T,,) as a function of blend composition. A nega-

INTRODUCTION In the field of developing novel materials,
the blending of polymers has given a new direction to
research efforts. Improvements in mechanical properties, an
increase in service life and the optimization of cost are goals
pursued by the use of blends in technological applications.
Polymer blends are combinations of at least two polymeric
components that are miscible on a molecular scale or form
immiscible or phase-separated heterogeneous multiphase
systems. The degree to which the properties of a blend can
be modified is believed to depend on the miscibility of the
polymer pair used in blending. From a physical perspective,
miscibility connotes homogeneity down to the molecular
level.' To determine the miscibility of polymer blends, the
existence of a single glass transition temperature is usually
exploited. The glass transition temperature is measured by
experimental techniques such as differential scanning calo-
rimetry (DSC) or dynamic mechanical analysis. However,
both experimental tools are sensitive only to heterogeneities
larger than approximately 50 nm in domain size,> producing
a limitation to measurements. Interestingly, a system that is
determined to be miscible according to the results obtained
by one technique can exhibit some heterogeneity when stud-
ied using another technique.® Generally, it is observed that
miscible blends exhibit transparency. Hence, the immiscibil-
ity of a blend is readily apparent because phase separation
causes light scattering or limited transparency. However,

© 2013 Wiley Periodicals, Inc.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2013, 57, 680-686

tive value of Flory-Huggins interaction parameter ypp was
obtained. Furthermore, the lamellar crystallinity in the blend was
studied by SAXS as a function of the PHB content. Evidence of
the segregation of the amorphous material out of the lamellar
structure was obtained. © 2013 Wiley Periodicals, Inc. J. Polym.
Sci., Part B: Polym. Phys. 2013, 57, 680-686
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because domains can be smaller than the wavelength of light
or can have similar refractive indices, mere visual inspection
is not enough to confirm the miscibility of a blend.* More-
over, if a component in the blend is crystallizable, then the
samples can be opaque at temperatures below the melting
point.

In the scenario presented, the interest in research on poly-
mer blends has been directed toward systems in which at
least one of the components is crystallizable. Attention has
focused on the different morphologies resulting from the
crystallization of the melt-miscible phase of semicrystalline/
amorphous blends.” The type of polymers used as compo-
nents in blends and that generally show a high degree of
crystallinity are biodegradable polymers obtained from natu-
ral resources.® Poly(3-hydroxybutyrate) (PHB) is one of the
most studied polymers as a component for blending, and
efforts have been dedicated to reducing the high brittleness
of this material attributed to its high crystallinity.”°

The microbially synthesized (PHB) is an environmentally
friendly polymer. The interest in this polymer is based on its
biodegradability and biocompatibility properties. However,
PHB is semi-crystalline, isotactic and has a relatively high
crystallinity, which makes it a tough and quite brittle mate-
rial. Although PHB has exhibited good characteristics in
some cases compared to conventional polymers, such as a
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resistance of 35.80 MPa or a modulus of elasticity of 3.04
GPa, and has been demonstrated to be suitable for the use in
packaging for food conservation,'® the fragility and the very
low resistance to thermal degradation during processing has
currently limited the practical applications of neat PHB.
Therefore, research efforts have been focused on mixing PHB
with different polymers.'*

However, epoxy is a thermoset polymer that is widely used
as a matrix in polymer composites or in the formation of
interpenetrating networks. The blending of semicrystalline
polymers with epoxy has been scarcely addressed in the lit-
erature.>'? However, it is important to understand the phe-
nomena involved during the curing of epoxy/semicrystalline
blends because the final morphology of the material depends
on the blend’s initial miscibility and on whether the material
crystallizes during the curing. Thus, the first step to reaching
a complete understanding of the structure of semicrystal-
line/epoxy blends is to determine the initial miscibility of
the blends before developing the curing process. DGEBA
(diglycidyl ether of bisphenol A) monomer is one of the
materials that is most often used to develop epoxy networks.
Therefore, the study of PHB/DGEBA blends is essential to
the study of other blends. From a thermodynamic perspec-
tive, it is very important to study the blend of a semicrystal-
line polymer (PHB) with DGEBA monomer because that this
blend is classified as an intermediate state between a poly-
mer/diluent blend and polymer/polymer blend.

The aim of this work was to obtain information about the mis-
cibility of PHB/DGEBA blends, study the influence of DGEBA
on the melting point of PHB and correlate the results with in-
formation about morphological changes in the lamellar struc-
ture of PHB using small-angle X-ray scattering (SAXS).

EXPERIMENTAL

Samples Preparation

A PHB powder with the trade name Biocycle® was supplied
by Industrial (Brazil). Epoxy DGEBA monomer (diglycidyl
ether of bisphenol A) was supplied by Hunstman (Araldite
MY 790). For DSC measurements, pure PHB, DGEBA, and
blend samples with the following PHB/DGEBA ratios in
weight 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60,
20/80, and 0/100 of total mass of approximately 20 mg
were poured into DSC pans. The samples in the DSC pans
were melted in the calorimeter before the thermal scans
were run to ensure homogeneity. Different tests were per-
formed to assure that the procedure was repeatable. For
SAXS measurements, blend samples with the following PHB/
DGEBA ratios in weight 100/0, 90/10, 80/20, 70/30, 60/40,
and 50/50 were melted at 180 °C. A homogeneous solution
was observed at that temperature. Then, the samples were
rapidly cooled in a freezer. Afterward, the samples were
poured in modified DSC pans with kapton windows suitable
for SAXS measurement.

DSC Measurements
DSC measurements of pure PHB, DGEBA, and blends PHB/
DGEBA were performed using a Q20-TA INSTRUMENTS dif-
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ferential scanning calorimeter. The calorimeter was cali-
brated with respect to temperature and heat flow using in-
dium and mercury as reference materials. All measurements
were performed under an argon atmosphere with a constant
flux of 50 mL/min.

Measurement of Glass Transition Temperature

Glass transition temperature (7;) measurements were per-
formed by means of a heating/cooling/heating cycle. Each
measurement began by heating from room temperature to
190 °C at 10 °C/min (first heating). Then, the samples were
kept at 190 °C for 60 s to remove the thermal history. After-
ward, the samples were cooled to —40 °C at 10 °C/min rate
and reheated to 190 °C at 10 °C/min rate (second heating).
The T, was obtained from the midpoint of the slope in the
heat step from the curves of heat flow as a function of tem-
perature (thermograms) of the second heating.

Isothermal Crystallization

Isothermal crystallization was performed by a first heating
from room temperature to 190 °C at a rate of 10 °C/min.
The samples were kept at 190 °C for 120 s to remove the
thermal history; they were then rapidly cooled to avoid crys-
tallization (cooling rate ~—60 °C/min) to the crystallization
temperatures (7.) and finally kept at T, for 1200 s to induce
the crystallization process. The selected crystallization tem-
peratures were between 40 and 125 °C. The melting temper-
ature (T,) of each crystallized sample was then measured
using a second heating from T. up to 190 °C at 10 °C/min.
The T,, was determined by the endothermic peak, selecting
the minimum as the best value.

SAXS Measurements

SAXS measurements were performed at the Brazilian Syn-
chrotron Light Laboratory (LNLS) CNPEM/MCT, line SAXS 1
Campinas, Brazil. A wavelength of 1 = 1.55 A was selected
for the monochromatic beam used in the experiments. The
low-angle scatter was recorded for scattering vector values q
(g = (4n/A) sin B), where 20 is the scattering angle, between
Gmin = 0.016 (A7) to gmax = 0.300 (A™") using a position
sensitive detector for the small-angle region located at a dis-
tance of 627 mm from the sample. The measurements were
performed using a two-dimensional (2D) detector with a
spatial resolution of 172 um. The 2D scattering profiles were
radially averaged and converted to 1D data using the pro-
gram FIT2D V12.077. The experimental small-angle scatter-
ing curves were normalized by the integrated incident beam
intensity.

RESULTS AND DISCUSSION

Glass Transition Temperature (7)

DSC thermograms for all composition studies are shown in
Figure 1(a). As shown, for all compositions, a single T,
(pointed with arrows in the Figure) was observed. In Figure
1(b), T, values as a function of PHB content in the blend are
shown. As shown, a systematic shift in T, to higher tempera-
ture is observed when the PHB content in the blends is
increased. Furthermore, in the thermogram obtained from
the measurement of pure PHB [see inset in Fig. 1(a)], a
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FIGURE 1 (a) DSC thermograms of pure DGEBA, PHB/DGEBA blends and pure PHB (in inset). The arrows indicate the glass transi-
tion temperature Tg. (b) Ty as function of PHB content in blends. Fox prediction (dot line) and Gordon-Taylor equation best fit

(line) to the experimental result.

higher T, (2.6 °C) than those of the composites (between
—15 and -3 °C) and pure DGEBA (T, = —18.5 °C) was
found. The thermogram of pure PHB exhibits similar charac-
teristics to that observed by de Lima et al.’

In the literature, different models have been proposed to
predict the variation in T, as a function of blend composi-
tion.'® The model most commonly used is described by the
Fox equation *!*:

1 Wp Wp

= 1
Tg Ty Top (1)

where wp and wp are the weight fractions of DGEBA and
PHB pure components, respectively, and T,p and Tgp are the
glass transition temperatures of the same pure components
mentioned. However, as shown in Figure 1(b), the Fox equa-
tion (dotted line) does not exactly predict the experimental
results obtained for T, as a function of the PHB content in
the blends under study. A deviation from linearity is
observed.

To take into account the deviation from linearity observed in
the experimental results for T, as a function of PHB content,
the Gordon-Taylor equation ' seems to be more adequate
because it can describe such deviations from linearity, both
positive and negative:

~ wpTgp + k wpTgp
B wp + k wp

(2)

8

where wp, wp Tgp, and Tgp were defined above; k is an ad-
justable parameter that is often related to the strength of
intermolecular interactions between the components of a
blend. A fit of the experimental results using eq 2 is also
depicted in Figure 1(b). The k parameter (0.68 = 0.04) was
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obtained. This value is higher than that obtained by Guo for
blends of DGEBA with phenolphthalein poly(ether ether sul-
fone) (PES-C), 0.31."* However, the value obtained is lower
than that reported by Vanden et al. for blends of DGEBA
with polycaprolactone (PCL) of different molecular weights:
1.10 and 1.03 for the highest and lowest molecular weights,
respectively.!®

The results described above could suggest that PHB and
DGEBA are miscible over the whole composition range stud-
ied. However, according to the literature,® the miscibility of
a binary blend can be readily determined by measuring the
T, of the blend whenever the difference in the glass transi-
tion temperatures between the two components of blends
exceeds 20 °C. In this study, the difference between the T of
PHB and DGEBA is approximately 21 °C, and although it
would be over the limit mentioned above, the difference
obtained is close to this value; therefore, it is necessary to
confirm the miscibility value using another experimental
method. It is important to note that all blends studied are
transparent just above the melting point of PHB, which is
also an indication that PHB and DGEBA are miscible in the
molten state.

Moreover, there are reports in the literature supporting the
idea that it is incorrect to establish the criteria for miscibility
only on the basis of the presence of a single T, because there
are examples of miscible polymer blends characterized by
two glass transitions.””*® To gain more information about
miscibility, an isothermal crystallization study determining
the melt temperatures (T,,) as function of blend composition
was performed by DSC. The obtained melt temperatures are
shown in Figure 2(a) as a function of the crystallization tem-
perature (T.) for all compositions studied. As shown, the T,
increases systematically with an increase in the crystalliza-
tion temperature T, for all blends studied. This trend can be
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FIGURE 2 (a) Melting temperatures (T,,) as a function of the crystallization temperature (T;) for the blend compositions studied by
DSC. The value of T;2 (see text) is obtained from the plot of T,, as a function of T, by extrapolating a linear fit of the experimental
results for each blend composition studied until it intersects with the T, = T, line. (b) TS as a function of PHB content in blends.

explained in terms of thermodynamic mixing by the exother-
mic interaction between a crystalline and an amorphous
polymer and in terms of kinetic or morphological factors
such as crystal thickness and size. To remove the morpholog-
ical effects, the equilibrium melting temperature (T°) was
derived using the Hoffman-Weeks equation®’:

(=)
Twm=—+(1-2]|T 3
: ) 3)

where 7y is the ratio of the initial to final lamellar thickness.
The value of T, is obtained from the plot of Ty, as a function
of T. [Fig. 2(a)] by extrapolating a linear fit of the experi-
mental results, for each blend composition studied, until it
intersects with the T, = T¢ line. y can be estimated from the
inverse of the slope of Ty, versus T, linear fit.

The values of T° obtained as a function of PHB content are
shown in Figure 2(b). As shown, in the range of blend com-
positions studied, T° decreases from 179 to 154 °C as a
function of the increase in the DGEBA content of the blends.
The value of 179 °C for pure PHB is close to the value of
186.0 °C reported by Xing et al.” Figure 2(a) shows that the
slope of T, versus T. plot is higher for pure PHB and the
90/10 PHB/DGEBA blend with respect to the other blends.
Changes in the slopes of Ty, versus T, have been observed
in PHB blends ®° and have been associated with a variation
in y.8

The reduction in the melting point observed when the PHB
content in the blends decreases can be explained by taking
into account the decrease in the chemical potential of the
crystallizable polymer caused by the increment in the misci-
ble diluent added. The dependence of the melting point
depression as a function of only thermodynamic effects on
the blend composition is given by the Flory-Huggins
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theory.?! The Flory-Huggins interaction parameter y pro-
vides information about the miscibility of blends or mixtures
and can be determined using the melting equilibrium tem-
perature using the Nishi-Wang approach,?*> which is
expressed as follows:

1 1 RVp {m(pp . <L

TO(2)  TO(P) AHVp | mp

1 2
@p + 1ppPp
)

mp B m_D
(4)

where P represents PHB and D represents DGEBA, T%, (P/D)
and T (P) are the equilibrium melting points of the blend
and homopolymer, respectively, AH® is the heat of fusion for
the 100% crystallizable component, V and Vp are the molar
volumes of the repeat units of the DGEBA (noncrystallizable)
and PHB (crystallizable) component, respectively, ¢p and @p
are the volume fraction, mp and mp are the degree of poly-
merization, and R is the universal gas constant (R = 1.987
cal/mol K). In eq 4, ypp is the Flory-Huggins interaction pa-
rameter of the PHB/DGEBA blends studied.

Rearranging the eq 4, a § parameter can be obtained:

1 1 |AHV, e, (1 1
b= [Ts,c—;)‘w) RV, mp +<m_p‘m_n 7
B =1} (5)

Therefore, according to eq 5, the plot of  as a function of
¢p° should be linear with slope —ypp. Figure 3 depicts a plot
of § versus ¢p’ obtained using the values of T?n from Figure
2(b) and the following parameters: Vp = 289.7 cm®/mol and
Vp = 75 cm®/mol, both volumes calculated according to the
Fedors method of group contribution 2*?* AH® = 3001 cal/
mol,” mp = 1806.2 and mp = 1 (mp and mp were calculated
from the ratio of the molar volumes of PHB and DGEBA to a
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FIGURE 3 § as a function of ¢p?, obtained using the values of
TOm presented in Figure 2(b). See text.

reference volume V. In this work, V, was assumed to be the
molar volume of DGEBA®®).

As can be seen, a monotonous increment in f as a function
of ¢p? is observed. A linear regression, shown in Figure 3,
was performed. From the slope of the linear regression, a
value of ypp = —0.86 * 0.10 was obtained. The negative
value of ypp suggests that DGEBA and PHB are miscible in
the molten state. A similar negative value of —0.81 has been
reported for y in miscible blends of DGEBA with another
semicrystalline biodegradable polymer, poly(L-lactide) PLLA.

Morphology

The lamellar periodicity of PHB/DGEBA blends was studied
using the SAXS experimental technique. The results obtained
for pure PHB and PHB/DGEBA blends are shown in Figure 4
as Lorentz plots (I(q) q° versus q). *® As can be seen, there
is a maximum for all samples studied; the maximum is asso-

[C1100% PHB
V2221 90% PHB
[11[1280% PHB
7% 70% PHB
£==60% PHB

©
3
@ 7
0.05 0.10 0.15 0.20 0.25 0.30
2.1
q(A’)

FIGURE 4 Lorentz representation for scattering vector between
0.016 and 0.300 A~! as a function of PHB content in blends
studied by SAXS.
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ciated with the long period between the centers of adjacent
lamellae.

1(q)q” versus q curves were analyzed by the normalized 1D
correlation function o(r), which corresponds to the Fourier
transformation of the Lorentz plot.

_ Jo 4°1(q) cos(qr)dq
Jo a*I(q)dq

o(r) (6)

Because the integrals must be evaluated between zero and
infinity, it is necessary to extrapolate the scattering intensity
at high and low values of q. Extrapolation to low values of q
has been performed using the Vonk model using CORFUNC
code,®” where it is assumed that the dispersion profile is
defined as follows:

1(q) = Hy — Hz¢* (7)

where H; and H, are constants.

Extrapolation to high values of g was performed considering
Porod’s Law:

I(q) = I + K/q* (8)

where [, is the intensity of the background and K is the
Porod constant.

Assuming an ideal lamellar structure with interlamellar spac-
ing (average long period) L and formed by a crystalline com-
ponent with thickness /. and an amorphous component with
thickness [,, through the analysis of the correlation function
L, I, and I, can be determined.?® In Figure 5, the 1D correla-
tion functions for all blends studied are shown, indicating
how the L and [; (i = 1, 2) parameters are obtained. /; repre-
sents . or I,, depending on the sample. If I, is known, then I,
can be calculated from the relationship L = I. +I, and vice

12 T T T T T T T
ol ——100% PHB| ]

0.8

0.6
0.4

0.2
0.0

o ()

-0.2
-0.4

-0.6
08 |
-1.0 - -

1.2 L . 1 L 1 L 1 .
0 50 100 150 200

r(A)

FIGURE 5 Schematic presentation of a 1D correlation function
[¢(nN] and the morphological parameter determined: long spac-
ing (L) and /; (i = 1, 2. See text).
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TABLE 1 L, ;, and I, obtained from the 1D Correlation Function
(Fig. 5) and the Values of /41/L and I,/L and ¢. obtained from
DSC Measurements

PHB

Content La I1° IQO /L b/IL e
(%) (A) (A) (A) (%) (%) (%)
100 53.0 (+0.2) 13.0 (+0.1) 40.0 (=0.1) 24.5 75.5 58.8
90 60.0 (=0.3) 19.8 (+0.5) 40.2 (+0.7) 33.1 66.9 46.7
80 63.0 (+0.3) 21.4 (+0.1) 41.6 (=0.2) 34.0 66.0 38.9
70 68.0 (+0.3) 25.1 (+0.2) 42.9(*+0.2) 36.9 63.1 38.8
60 63.0 (=0.3) 18.0 (+0.1) 45.0 (+0.1) 28.6 71.4 29.7
50 64.0 (+0.3) 19.2 (+0.1) 44.8 (=0.1) 30.0 70.0 18.7

versa. The linear degree of crystallinity within the lamellar
structure X.>** is obtained from the following expression *°:

saxs _ e
To determine I, and I. from the [; values obtained by SAXS,
some considerations should be taken into account. From
Babinet’s reciprocity theorem, the electronic density of a
two-phase structure can be exchanged without affecting the
correlation function.?® The assignment of I; as I. or I, was
performed with the help of the results from DSC measure-
ments. From DSC, the bulk degree of crystallinity of the
blend ¢. was obtained and compared with the linear degree
of crystallinity X>**S. X% is greater or equal than ¢,
because not all the morphology of the blend is lamellar.?°
Then, the assignment of [; as I, or I, in the PHB/DGEBA
blends was performed by considering the value that satisfies
XSM%S > .. For blends with a 50/50 composition, the ratio
of both [; are greater than ¢, in this case, the assignment
was performed by considering the monotonic behavior of I.
X3S was obtained from eq 9, and ¢, was calculated using
the equation derived by Huo et al.3°

Xc
_ Pc
bc = Xc + W,—Xc | 1-w, (10)
Pc Pa Pp

where p. and p, are the densities of 100% crystalline PHB
and amorphous PHB 3! (p.= 1.260 g/cm® p,= 1.177 g/
em®), pp is the density of DGEBA (pp = 1.175 g/cm?) and X,
is the crystallinity of the blend:

A
" AHO

Xc (11
where AHP is the heat of fusion obtained from the DSC scan
of each sample studied.

The results for L, I, and I, obtained from the 1D correlation
function and the values of I;/L and I;/L and ¢, are pre-
sented in Table 1.

It is worth mentioning that considering the above discussion
and the results shown in Table 1, it was concluded that I,
corresponds to ..
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In Figure 6, the degree of crystallization obtained by SAXS
(X3**5) and by DSC (¢) is shown. It can be observed that
XSA%S is between 0.62 and 0.72 and shows an increase to
0.75 for pure PHB. ¢. is observed to increase as a function
of PHB content, from 0.18 for samples with 50% PHB to
0.38 for samples with 70% PHB. A similar value is measured
for blends with 80% PHB. A further increment in ¢, is
observed for a PHB content above 70%. Pure PHB shows a
value of ¢. = 0.58.

The relation ¢o/X**S was calculated and is also shown in
Figure 6. A value of ~0.77 is obtained for pure PHB and
decreases when the PHB content in the blend decreases. A
value equal to 1 for this relation indicates that all of the
amorphous phase in the blend is located in the lamellar
structure. However, if this relation results in a value lower
than 1, interfibrillar or interspherulitic segregation is
expected.?’ The change in the slope of the relation ¢./X.5**S
as a function of PHB content observed for PHB contents
below 70% indicates a higher degree of segregation for this
PHB content range. This result is according to the fact that a
diminution in the amorphous phase thickness I, is observed
for PHB contents below 70% (see Table 1).

The thickness of crystalline component I. increases when the
PHB content decreases. The initial crystal thickness is given
by 2932

I 20T
g AHO

0 (T8 —T¢)

+5 (12)

where ¢, is the fold surface free energy, AHom/V is the heat
of fusion per unit volume of the pure PHB and ¢ is the mini-
mum thickness that gives the necessary stability to form the
crystal. 6 can be considered to be negligible for small to
moderate values of supercooling.*® The final crystal thick-
ness [ is y times the initial thickness I *.

T T T T T T
08| 4
*
O
07F o© © . .
O O
$
_ 06 | . o 1
£ os) .
S <&
> .
o %r o o §
03} o o X .
¢ <O 9,
02F & Relation ¢ /X |
1 L 1 L 1 L 1 L 1 1 1
50 60 70 80 90 100
PHB content (%)

FIGURE 6 Degree of crystallization obtained from SAXS
(X.5*%S) and DSC (¢.) and relation ¢/X.5**S as a function of
PHB content in the blends.
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From eqs 12 and 13, it is possible to conclude that /. can be
modified in different ways—a change in ., a change in ¢ or
a modification in the degree of supercooling—because if T
is held constant and T changes with the increase in the
noncrystallizable component, then the factor T /(T% - T.)
varies for different blends. A plot of I. as a function of T? /
(Tﬁ1 - T.) is shown in Figure 7. As can be seen, a linear
behavior is observed until the sample reaches a composition
of 60/40. In the 50/50 sample, a deviation from linearity is
observed. This behavior indicates that the principal effect on
I. in the PHB/DGEBA blends could be associated with the
variation in the degree of supercooling.

CONCLUSIONS

PHB/DGEBA blends were investigated using SAXS and DSC
techniques. The blends were observed to be miscible over
the entire composition range of DGEBA based on the reduc-
tion of the T, as a function of the PHB content and on the
negative value of the interaction parameter. The interaction
parameter was obtained by analyzing the depression of the
equilibrium melting temperature (T%) as a function of the
reduction in the PHB content of the blends from a thermody-
namic perspective using the Nishi-Wang approach. The
DGEBA introduces an amorphous component in the lamellae
for contents less than 30%, but it is partially segregated
from the lamellae for contents greater than 30%. An increase
in the I. parameter was observed when the PHB content
decreased. This result was explained in terms of the reduc-
tion in the equilibrium melting temperature when the PHB
content of the blends decreased.
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